• In vivo and in vitro thrombus formation is altered in MRP4-deficient mice.
Introduction
Circulating platelets are maintained in an inactive state, thus avoiding inappropriate activation and clot formation. This resting state is dependent on cyclic nucleotide homeostasis. Endothelial prostacyclin and adenosine generated through adenosine triphosphate (ATP) metabolism bind to their respective receptors and thereby activate adenylate cyclase (AC) and consequently cyclic adenosine 59-monophosphate (cAMP) synthesis. 1 Nitric oxide (NO), a free radical messenger mainly produced by endothelial cells, activates soluble guanylate cyclases to generate cyclic guanosine monophosphate (cGMP) (for a review, see Smolenski 2 ). An increase in cGMP levels during platelet stimulation 3, 4 has also been shown to occur via an NO synthase-independent pathway. 5 cAMP and cGMP elevation results in the activation of cyclic nucleotide-dependent protein kinases (cAMP-dependent protein kinase [PKA] and cGMP-dependent protein kinase [PKG] , respectively), which phosphorylate a broad panel of substrate proteins. 6 The rise in platelet cyclic nucleotide levels results in a downregulation of activating signaling pathways that in turn inhibits platelet cytoskeleton rearrangement, fibrinogen receptor activation, secretion processes, and procoagulant activity. 2 Common substrates of these kinases include signaling regulators such as vasodilator-stimulated phosphoprotein (VASP), one of the major PKA and PKG substrates that is an important regulator of actin dynamics 2 . VASP has 3 phosphorylation sites (Ser157, Ser239, and Thr278) that are used by both PKA and PKG, Ser157 being mainly phosphorylated by PKA. 7 To limit the inhibitory effect of cyclic nucleotides, phosphodiesterases (PDEs) rapidly hydrolyze them. 8 Thus, the cytosolic cAMP level results from a balance between its synthesis from ATP and its degradation into AMP by PDEs and, potentially, its transport from cytosol to dense granules.
Molecules such as adenosine 59-diphosphate (ADP) that reduce the level of cytosolic cyclic nucleotides act as platelet agonists. ADP is secreted by activated platelets from dense granules, and its binding to the G-coupled P2Y 12 receptor inhibits AC via the Gai subunit.
inhibitors, NO donors, and prostacyclin analogs. 10 Of interest, the pharmacodynamics of molecules that act by increasing cAMP level can be specifically and routinely monitored by measuring VASP phosphorylation level. 11 Although the major role of cAMP in platelet regulation has been known for many years, the underlying molecular mechanisms are only beginning to emerge. One candidate in the regulation of cyclic nucleotide levels in platelet cytosol is multidrug resistance protein 4 (MRP4, or ABCC4), a membrane transporter capable of pumping structurally diverse endogenous compounds, including cyclic nucleotides and nucleotide analogs 12 and xenobiotics out of various cells (for reviews, see Russel et al 13 and Cheepala et al 14 ) . In particular, MRP4 has been shown to play a role in cAMP homeostasis in vascular smooth cells and cardiac myocytes. 15, 16 MRP4 inhibition was found to protect mice from pulmonary hypertension by increasing intracellular cAMP levels and preventing activation of cAMP-mediated signaling pathways.
17 MRP4 inhibition was thus associated with reduced small pulmonary artery remodeling. 17 In platelets, MRP4 is located on the membrane of dense (d) granules and, to a lesser extent, the plasma membrane, and could therefore be involved in the transport of molecules, notably adenine nucleotides, from cytosol into dense granules. 18 Depletion of MRP4 on dense granules has been found in some Hermansky-Pudlak syndrome patients, correlating with defective adenine nucleotide storage. 18 However, in contrast to "classical" d storage pool disease, these patients had normal dense-granule serotonin levels. 19 Borgognone and Pulcinelli 20 inferred that MRP4 is involved in the control of platelet cyclic nucleotide levels, and that MRP4 inhibition enhances PKA and PKG activity and thereby inhibits platelet activation. Therefore, the identification of MRP4 as a candidate transporter for adenine nucleotides in platelet dense granules represents a first step toward the elucidation of a role for MRP4 in platelets. In this study, we further examined the role of MRP4 in platelet functions by using an MRP4-deficient mouse model. Our results show that MRP4 is involved in the vesicular storage of cAMP and consequently plays a role in the modulation of platelet functions. 
Methods Animals
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Results
MRP4-deficient platelet characterization
Western blot analysis of platelet proteins confirmed the expression of MRP4 in WT platelets and its absence in platelets from MRP4 2/2 mice (supplemental Figure 1 ). In line with previous reports, 22, 23 we did not find expression of MRP5, another member of the ABC family that can efflux cyclic nucleotide analogs 24 (data not shown). Cell counts on anticoagulated blood showed a slight but significant increase in the platelet count and platelet volume in MRP4 2/2 mice compared with WT mice, whereas hematocrit was similar (supplemental Table 1 ). However, bone marrow smears showed no morphologic differences in megakaryocytes from WT and MRP4 2/2 mice, and no difference in cell ploidy was found by flow cytometry (supplemental Figure 2) . Transmission electron microscopy showed no differences in platelet or granule ultrastructure between WT and MRP4 2/2 mice ( Figure 1A -B), even when osmium was omitted to specifically contrast nucleotide analogs with uranyl acetate (Figure 1C-D) . No differences were found in glycoprotein (GP)Iba, GPIX, GPV, GPVI, CD49b, or CD41 platelet surface expression (supplemental Table 2 ). The impact of MRP4 deletion on in vivo hemostasis was evaluated using thrombosis and bleeding experiments. In the model of carotid artery thrombosis in response to a 15% ferric chloride patch, MRP4 Figure 2D ). These results indicate that MRP4, and especially platelet MRP4, is involved in positive regulation of hemostasis and arterial thrombosis in vivo. For ex vivo experiments, we considered the flow adhesion model on collagen as the first step to analyze the impact of MRP4 deletion on platelet functions because it is a well-recognized model that mimics platelet adhesion and activation under arterial flow.
In vitro thrombus formation on collagen was studied in a wholeblood perfusion system at an arterial shear rate of 1800 seconds Figure 3B ).
We then quantified nucleosome production in plasma obtained from the flow chamber effluent to assess the capacity of platelet activation on collagen to induce neutrophil extracellular trap (NET) formation. Nucleosomes are a complex of DNA and histones released from neutrophils during clot formation, resulting in the formation of NETs that contribute to thrombus formation and stability. NET formation was used as another tool to reflect platelet activation leading to P-selectin exposure, platelet binding to leukocytes, and subsequent cell activation. As shown in Figure 3C 
Impaired MRP4-deficient platelet functions in vitro
The influence of MRP4 on washed platelet reactivity in response to different agonists was studied. No differences were noted in platelet aggregation induced by a high PAR4-activating peptide (ap) concentration of 100 mM (77% Figure 4A and supplemental Figure 3 ). Of interest, low ADP dose (0.5 mM) rescued aggregation of MRP4
2/2 platelets (supplemental Figure 4) . Figure 4B ). No differences were noted in response to high PAR4-ap concentration (100 mM) with respect to JonA binding.
To confirm the defect of platelet activation, we examined the P-selectin (CD62P) exposure by flow cytometry as an indicator of a-granule secretion. Upon PAR4-ap-induced activation, MRP4-deficient platelets showed lower CD62P expression than WT platelets at 2 minutes (geometric mean 6.3 [95% CI, 4.9-7.2] vs 8.6 [95% CI, 7-9.7]; P , .01; Figure 4C) Figure 4D ). After PAR4 strong activation (PAR4-ap 200 mM), serotonin secretion did not (A) Carotid artery thrombosis was induced by placing a 15% ferric chloride patch on the artery for 4 minutes, and the time to occlusion was recorded (n $ 8 animals in each group) (***P , .0001). (B) Tail bleeding time in WT and MRP4 2/2 mice (n 5 9) (**P , .001). (C) Hemoglobin concentration in the chamber effluent (containing 10 ml NaCl) was measured by the Drabkin method (n $ 5 animals in each group) (***P , .001). (D) Platelet-depleted WT mice were injected with WT or MRP4 2/2 washed platelets (plts). Platelet count was checked to be higher than 3 3 108 platelets per milliliter in each animal, and the lateral tail vein was cut as described in supplemental Methods. Blood loss was measured and normalized to WT (n $ 5 animals in each group) (*P , .05). BLOOD Figure 4F ). Finally, no differences between WT and MRP4 2/2 were denoted when aggregation was induced by soluble convulxin (a specific GPVI agonist) ( Figure 4G ) or collagen (supplemental Figure 5 ).
Normal storage of ADP and ATP in MRP4-deficient platelets
Considering our results showing a global defect in MRP4 2/2 platelet activation, we hypothesized a lack of secreted-ADP amplification in MRP4-deficient platelets that could be due to defective ADP storage in MRP4 2/2 dense granules. To explore this hypothesis, we investigated ADP dense-granule storage. As shown in Figure 5A , the ADP level did not differ between WT and MRP4 2/2 in resting platelets (left panel, 0 mM PAR4-ap). After strong activation, the residual cytosolic ADP level in platelets also did not differ between WT and MRP4 2/2 (right panel, 400 mM PAR4-ap), showing that the estimated secreted fraction was similar. These results strongly suggest that MRP4 does not play a major role in ADP dense-granule storage in mouse platelets. The amount of ATP secreted upon strong platelet activation, allowing full aggregation in both animal groups (PAR4-ap 400 mM), was also similar between WT and MRP4-deficient platelets (data not shown).
Altered cAMP distribution and increased in PKA pathway activity in MRP4-deficient platelets
We sought to evaluate whether MRP4 deficiency was associated with an increase in the cyclic nucleotide level due to impaired redistribution from the cytosol to dense granules and, consequently, a lack of ADP secretion owing to lower platelet reactivity. Figure 5B ). However, a significant decrease in the amount of secreted cAMP was observed with MRP4-deficient platelets upon full activation by a saturating PAR4-ap concentration (400 mM) ( Figure 5C ). Moreover, in contrast to WT ( Figure 5B-C, open boxes) , (B) aIIbb3 activation was evaluated in WT or MRP4 2/2 washed platelets activated for 10 minutes with increasing concentrations of PAR4-ap in the presence of phycoerythrinlabeled JonA antibody. The experiment was performed without stirring to prevent platelet aggregation. The level of activated integrin is indicated by the percentage of JonApositive platelets measured by flow cytometry (n $ 4) (*P , .05; **P , .01). (C) a-Granule secretion was measured by P-selectin (CD62P) plasma membrane expression in response to PAR4-ap (100 mM) and was analyzed using flow cytometry after platelet incubation with fluorescein isothiocyanate-labeled rat anti-mouse CD62P. P-selectin expression is expressed as the mean fluorescence intensity (MFI) (n $ 5) (*P , .05; **P , .01). (D) Dense granule secretion was measured by serotonin release in platelet supernatants after PAR4-ap (60 mM) induced activation (n $ 6) (*P , .05). (E-G) Agonist-induced platelet aggregation: platelets were incubated at 37°C under stirring and then activated with ADP in the presence of fibrinogen (5 mg/mL) (n 5 13) (*P , .05) (E); with U46619 (n 5 6) (**P , .01) (F); and with 50 and 100 ng/mL convulxin (n $ 6) (G). Each box represents the interquartile range with median maximal aggregation (horizontal line in the box); the whiskers represent the fifth to 95th percentiles. NS, not significant.
secreted cAMP was significantly lower than total cAMP for MRP4 2/2 platelets, respectively).
These results suggest a role of MRP4 in vesicular cAMP storage and, thus, an altered cAMP distribution in MRP4 2/2 platelets. To determine whether these differences in the cAMP level affected downstream signaling, we specifically analyzed VASP phosphorylation on Ser157, a preferential cAMP-dependent protein kinase phosphorylation site. VASP phosphorylation kinetics were measured in the presence of the AC activator forskolin (5 mM), used to sensitize the system. As shown in Figure 5D , the kinetic response of PKA was significantly increased in MRP4 Figure 5E ). Of interest, no compensatory change in PDE activity was observed (supplemental Figure 6 ).
Discussion
MRP4 has been shown to play an important role in conveying molecules involved in cellular signaling and, more recently, in platelet activation. 18, 20 In this study, we examined the mechanism by which MRP4 influences platelet reactivity in a model of MRP4 invalidation in vivo and in vitro. First, hemostasis and thrombosis were both disrupted in MRP4 2/2 mice, with a prolonged bleeding time and delayed carotid occlusion. The specific MRP4 platelet involvement in in vivo hemostasis was further confirmed using platelet-depleted WT mice transfused with MRP4-deficient platelets. These results are in line with those of previous studies showing that the absence or inhibition of MRP4 leads to a decrease in human platelet function. 19, 20 It was initially Figure 5 . Role of MRP4 in ADP and cAMP dense-granule storage. (A) ADP was quantified either in lysates of unstimulated or degranulated platelet pellets (obtained by a centrifugation of 2 minutes at 12 000g). Degranulated platelets were obtained after 10 minutes of activation with 400 mM PAR4-ap. Platelets were centrifuged, the supernatant was discarded, and lysis buffer was added to the pellets before quantifying ADP (n 5 6). cAMP was quantified in total platelets at rest (n $ 6) (B) and in the supernatant of activated platelets (n $ 6) (***P , .001) (C). (D) WT and MRP4 2/2 platelets were incubated with forskolin for the indicated times, and lysates were harvested for western blot analysis and densitometry. Blots were probed with anti P-VASP Ser 157 and loading was controlled with anti-GAPDH. Quantitative analysis is obtained by densitometry using Image J software. Values are mean 6 standard error of the mean (n $ 4) (*P , .05). Upper panel shows a representative western blot of the phosphorylation kinetics of P-VASP Ser 157 in WT and MRP4 2/2 . (E) Effect of cAMP-elevating agent and PKA inhibitor on PAR4-ap-induced platelet aggregation. Platelets were preincubated with the PKA inhibitor Rp-8-Br-cAMPS (500 mM) or with vehicle for 10 minutes. Forskolin (5 mM) or vehicle was then added for 15 seconds at 37°C under stirring before activation with PAR4-ap (50 mM) (n $ 4) (*P , .05; **P , .001). Boxes represent the interquartile range with median maximal aggregation (horizontal line); whiskers represent the fifth to 95th percentiles. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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proposed that MRP4 was responsible for ATP and ADP storage in dense granules. Indeed, Jedlitschky et al, 18, 19 studying HermanskyPudlak syndrome patients, found in few patients an absence of MRP4 (or an abnormal location on the plasma membrane) associated with defective ADP storage in dense granules and diminished ATP secretion. However, these investigators did not study cyclic nucleotide levels. Given the polyspecificity of MRP4 and its affinity for various substrates (for a review, see Russel et al 13 ), recent studies have also focused on the role of MRP4 in cyclic nucleotide regulation in platelets. Borgognone and Pulcinelli 20 showed that cyclic nucleotides are physiologically transported into dense granules and that this transport can be inhibited by the MRP4 inhibitor MK571, leading to platelet inhibition. However, using MK571 at the same concentrations of 50 to 100 mM, we observed functional inhibition of WT and MRP4 2/2 mouse platelets, confirming a nonspecific inhibitory effect of MK571 (data not shown). This nonspecific effect has been recently attributed to inhibition of Akt and JNK phosphorylation. 25 Therefore, the MRP4
2/2 mouse model is a useful tool to avoid such drawbacks. As shown by Sassi et al, 15 the absence of MRP4 impacts vascular muscle cell proliferation and thus likely affects vascular reactivity to injury. We therefore studied platelet MRP4 2/2 functions in vitro. After determining that MRP4 deletion did not have a major impact on platelet and dense-granule structure or on adhesion receptor expression, we showed a loss-of-function phenotype with defective platelet activation on a collagen matrix under flow, whereas adhesion was not impaired. MRP4-deficient platelet aggregation and, more precisely, aIIbb3 activation due to inside-out signaling, was reduced in the presence of low concentrations of agonists, especially G protein-coupled receptor agonists. In contrast, platelet aggregation consecutive to GPVI activation was not impaired. This result suggests that this signaling pathway is less sensitive to MRP4 regulation than G protein-coupled receptor pathways. However, because of the strong defect in thrombus formation on collagen under flow, we can also assume that the lack of difference between groups may be due to large between-experiment variability in the dose response to collagen and convulxin. The defect in MRP4 2/2 platelet activation was confirmed by P-selectin exposure and serotonin secretion, which showed decreased a-and dense-granule secretion by MRP4 2/2 platelets, respectively.
Suspecting defective ADP storage and/or modified cyclic nucleotide regulation in MRP4 2/2 platelets, we then examined ADP-induced aggregation. ADP is not a strong agonist and induces platelet aggregation without secretion (especially ADP stored in dense granules). In this condition, platelet activation is specifically dependent on P2Y 12 and P2Y 1 activation and on AC inhibition by the P2Y 12 -associated subunit Gai. Despite an absence of amplification by stored ADP, a significant decrease in MRP4 2/2 platelet aggregation was observed, suggesting defective cyclic nucleotide regulation. By measuring the level of ADP in resting and activating platelets, we further confirmed the minor role of MRP4 in ADP storage in dense granules, at least in the MRP4 2/2 mouse model. This finding was also supported by the transmission electron microscopy performed with uranyl acetate in the absence of osmium to specifically label nucleotide analogs, because ADP is the most abundant nucleotide in platelet dense granules and no difference was found between MRP4 2/2 and WT in this labeling condition. Because ADP is stored during dense-granule formation in megakaryocytes, another transporter is probably involved. The vesicular nucleotide transporter (VNUT, SLC17A9) has recently been proposed as a candidate for ADP and ATP accumulation in dense granules. Indeed, Hiasa et al 26 showed the presence of functional VNUT in the dense-granule membrane and found that inhibition of VNUT expression by small interfering RNA in MEG-01 cells led to a decrease in ADP and ATP release. Biochemical studies have shown that VNUT requires an inside positive hydrogen ion gradient to transport negatively charged ATP. 27 The transport experiments performed by Jedlitschky et al 18 probably did not create the conditions required to obtain such a hydrogen ion gradient, which is likely why they did not find functional VNUT in their platelet membrane vesicles.
The present study suggests that the defective MRP4 2/2 platelet function is due to accumulation of cyclic nucleotides in the platelet cytosol. Indeed, dense-granule "secretable" cAMP was strongly decreased in these platelets, whereas total cAMP levels were unaffected. A deregulation of the cAMP pathway was further supported by the observation that inhibition of MRP4-deficient platelets by forskolin was significantly more pronounced compared to WT platelets, this difference being abrogated by a PKA inhibitor. Moreover, the increased phosphorylation of a PKA substrate (VASP ser157) in MRP4 2/2 platelets is also consistent with a cytosolic cAMP increase in these platelets. In agreement with results obtained by Sassi et al 15 in smooth muscle cells, MRP4 deletion shifted the forskolin response without affecting the maximal effect of the drug, supporting the absence of difference in VASP phosphorylation between genotypes after 120 seconds of AC stimulation. In contrast to cAMP, MRP4 appears not to interfere with cGMP homeostasis in our model. These results are in apparent contradiction to those reported by Jedlitschky et al 18 and by Borgognone and Pulcinelli. 20 One explanation would be that they used a subcellular fraction of enriched dense granules and measured the transport of exogenous cGMP in the presence or absence of inhibitors. Otherwise, we cannot exclude a lack of sensitivity of the cGMP assay to evidence a role of MRP4 in our model using platelets instead of an enriched granule fraction. It has been suggested, however, that cAMP and cGMP are secreted by 2 different pathways, cGMP being transported by MRP5. 28 Of interest, MRP5 has been found on the plasma membrane of megakaryocytes. 29 Therefore, we can assume that a remnant of MRP5 sufficient to behave as a membrane transporter of cGMP may still be present in platelets, although not detectable by western blot analysis.
These results suggest an important role of MRP4 in platelet cAMP homeostasis, controlled not only by its classical synthesis and degradation but also by its compartmentation in microdomains 14, 30 or in subcellular compartments. This finding is in agreement with a previously described role of MRP4 as a physiological cAMP transporter in smooth cells and cardiac myocytes. 15, 16 MRP4 could also play a role in megakaryocytopoiesis. Indeed, Oevermann et al 29 showed that MRP4 expression is increased in the megakaryocyte lineage during hematopoietic stem cell differentiation. Moreover, Begonja et al 31 reported evidence of a dominant role of cyclic nucleotides in megakaryocyte differentiation. However, because platelet counts were only slightly increased in MRP4 2/2 mice, MRP4
would not appear to play a major role in megakaryocyte maturation or platelet formation, at least in this mouse model. Finally, a recent study by Bröderdorf et al 32 showed that MRP4 expression can be regulated by cAMP in vascular smooth muscle cells and hematopoietic cells, suggesting a feedback control mechanism.
In addition, it has been shown that MRP4 transports aspirin and contributes to aspirin resistance, particularly in coronary patients, with MRP4 upregulation on the platelet surface resulting in aspirin extrusion. 33 It has been shown that MRP4 expression and aspirin are linked and that aspirin treatment enhances MRP4 expression by megacaryocytes. 34 In conclusion, our results provide evidence for a novel role of MRP4 in platelet cyclic nucleotide regulation. They also show that MRP4 is not the main transporter responsible for ADP and ATP accumulation in dense granules. MRP4 could represent a target for new antiplatelet agents that would provide weak, controlled, nondeleterious inhibition of platelet activation, particularly in combination with aspirin.
